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ABSTRACT

A computer-aided data acquisition system was developed

and a microthermocouple probe constructed to obtain thermal

distributions in turbulent buoyant jets exposed to a cross-

flowing ambient fluid. The system performed high speed

temperature measurements as a microthermocouple probe was

automatically traversed through a sequence of preprogrammed

positions under the control of a microcomputer. Operability

of the apparatus was demonstrated by measuring temperature

distributions in planes perpendicular to the streamwise axis

of jets from which contour plots of temperature were gener-

ated. Using temperature distributions along with velocity

distributions allow buoyant jet characteristics to be

computed, including the entrainment rate of ambient fluid,

jet trajectory, and heat transfer to the ambient. The

experimental technique is discussed and temperature contour

plots for a jet at various planes are presented.
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NOMENCLATURE

A. Incremental Cross-Sectional Area in the

1] Temperature Matrix

B Jet Half-width

b Normalized Jet Half-width

c Specific Heat
p

D Diameter of the Jet at the Nozzle

DAB Binary Mass Diffusion Coefficient

F Densiometric Froude Number

g Acceleration of Gravity

Q Heat Transfer Rate from the Jet to the Ambient
Fluid

R Ambient-to-Nozzle Flow Ratio

Ra Length of the Probe Arm

r Radial Distance from the Center of the Jet

r Length of the Probe
p

S Schmidt Number

s Strewmwise Coordinate Along the Jet Centerline

T Normalized Jet Temperature

T Ambient Fluid Temperaturea

T. , Jet Temperature Within the Temperature Matrix

T Centerline Jet Temperature
m

T Nozzle Temperaturen
T Jet Temperature As Measured by the Probe

p
T(r) Temperature Within the Jet at a Radial Distance

(r) from its Center
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U rn Centerline Veloci v of the Jet at the Nozzlem

U 0 Discharge Velocity of the Jet

U(r) .loci-. within the Jet at a Radial Distance "r"
trom its Center

U. jet Velocities Corresponding to Locations within
U~ j the Tenperature Matrix

u Normalized Centerline Velocity

Entrainment Coefficient; Offset Angle of the
Probe Arm

E. Offset Angle of the Probe Mounting Bracket

Probe Angle of Deflection from Horizontal

Local Angle of Inclination from Horizontal of the
Jet Streamwise Axis

S

Spreading Ratio

Kinematic Viscosity

Density of the Jet Fluid

a Density of the Ambient Fluid

Density of the Ambient Fluid at the Nozzle Exit

m Density of the Jet at Centerline

[no Centerline Density of the Jet at the Nozzle

Angle of Inclination of the Data Plane from Horizontal

e
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I . INTRODUCTION

Buoyant jets are very common in nature. We see them in

the form of exhaust gases emitted from smoke stacks of

refineries, mills and ships. We see them in the form of

heated waste water exDelled into the sea from power plants

and from the main propulsion condensers in steam driven

ships and submarines. It is no wonder that the fluid

mechanics and heat transfer characteristics of buoyant jets

have been of interest to environmental, civil and mechanical

engineers for decades. To evaluate their ecological impact,

and of most recent interest, to harness buoyant jets as a

:7,ans of detecting military targets and guiding weapons, it

is necessary:- to develop models which accurately predict

their trajectory and decay.

Most studies to date have dealt with buoyant jets rising

through a cuiescent ambient fluid; however, in nature most

nroblems involve flowing ambient fluids. Relatively little

ep:<erimental work has been done with buoyant jets in cross-

flow and, according to Hilder [Ref. 1], the trajectories of

.- ts -nd the entrainment rates of ambient fluid Predicted

from vr';v ius work do not agree well with one another. Most

4mat ,_,ma t ca modwls of buoyant jets in crossflow assume

s .rofils for velocity and temperature. Nickodem

rhs show: ( tnrou h ex -eriments that in fact, the

11



A

Gaussian profiles of velocity are altered by crossflow.

This leads one to suspect that the same may be true for the

temperature profiles.

The objective of this work was to develop a system to

t-hermally map a buoyant jet in crossflow. Then, by measur-

ing both velocity and temperature distributions, improved

computations of entrainment, trajectory and heat transfer

characteristics of jets can be made thereby giving rise to

more accurate models.

12
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II. BUOYANT JETS DISCHARGED TO A CROSSFLOW

A. PROPERTIES OF BUOYANT JETS

A buoyant jet is characterized by a momentum and a

density differential between the jet and its surrounding

ambient resulting from a variatiQn in temperature and/or

fluid concentrations. Therefore, fluid motion in the jet

is governed by both inertial and buoyant forces. The non-

dimensional ratio of these forces, known as the densiometric

Froude number, provides an important quantitative measure-

ment of jet characteristics and is shown below.

2

F gD(P -04a o 0

where U is the jet's discharge velocity, g is the accelera-

0

tion of gravity, D is the discharge diameter of the jet,

a is the density of the crossflowing ambient and is
a 0

the density of the jet fluid at its point of discharge.

The Gaussian velocity and temperature profiles assumed

by most models of buoyant jets are very similar. Velocity

behavior is given by:

U(r) U exp(-r 2 /B 2)
m

where U mis the centerline velocity, r is the independent

variable and a radial distance from the centerline of the

13



A

jet, and B is defined as nominal -et h.jIwl.th. As r

approaches B, velocity decays to R f. 3:. S imi-

larly, temperature behavior is iyn ov:

2 21
T(r) = T exp(-r Bm

where Tm is the centerline temperature, r and B are defined

the same as above and , a spreading ratio, is the inverse

of the turbulent Schmidt number (S). S is defined as the

ratio of the molecular momentum and mass diffusivities and

is equal to \v/DAB where v is the kinematic viscosity and

DAB is the binary mass diffusion coefficient associated with

substances A and B [Ref. 4]. Although X varies inversely

with the Froude number, the change is very slight, and in

the case where substances A and B are both water, 'A is

slightly greater than 1. Hirst [Ref. 3] found X to vary

between 1.16 at F = 0 to 1.11 at F = infinity. The net

effect then, is a more gradual temperature decay than was

found with velocity.

Most buoyant jet models consider the entrainment of the

ambient fluid into the jet and are based on relevant conser-

vation equations of mass, momentum and energy. In conserva-

tion of mass, the downstream change in total mass of the jet

0
is equated to the mass of the entrained fluid. The conser-

vation of momentum must consider both vertical and horizontal

contributions. Changes in vertical momentum are equated

to the buoyant forces while changes in the horizontal

14



momentum of the jet are equated to the horizontal momentum

of the entrained fluid. The conservation of energy involves

energy changes resulting from variations in the ambient

temperature as caused by the jet. Hilder [Ref. 1] developed

the following governing equations in non-dimensional differ-

ential form.

CONTINUITY (u b ) 2b[ u -R cos- + a 3 Rsin ]COTIUIYds m m3

HORIZONTAL MOMENTUM d u2b2 cos- ) 4Rab[ -Rcos-'; +a Rsinw]

ia- mm 232b

d__( 2b 2  a m) ) .' 2•
VERTICAL MOMENTUM ds 2 sin2

mao mo F

__ 2h2 -It a  
2

ENERGY d (u T.2 u
asm (2 +1) ds m

B. FLOW REGIMES

The jet passes through several regimes as it travels

from the nozzle through the ambient. The three regions most

frequently referred to are shown in Figure 1. They are the

zone of flow establishment, the zone of established flow

and the far-field zone [Ref. 3]. In the zone of flow estab-

lishment, the velocity and turbulence profiles transform from

the conditions within the nozzle to a free turbulent flow

condition. It is in this region that the jet begins to mix

with the ambient fluid; however, the flow is still more

15



M >1

'I-4 I C

Q)

-I IA

4J 0

00
N -

~ I 16



.4

strongly influenced by the nozzle discharge conditions than

by the ambient. When the turbulent mixing has reached the

centerline of the jet, the zone of established flow is said

to begin. In this region, the profiles have assumed their

free turbulent shapes. Now the flow is governed by the

jets' momentum and buoyancy as well as by the condition of

the crossflow. The far field zone is defined as that region

in which jet momentum is depleted and the jet fluid is con-

vected and diffused by the ambient currents and turbulence.

C. EFFECTS OF CROSSFLOW

At the immediate exit of a cylindrical nozzle, a verti-

cally discharged buoyant jet has a nearly uniform velocity

distribution and has the same cross-sectional shape as the

nozzle itself. The velocity gradient between the jet and

the crossflowing ambient creates longitudinal shear stresses

at the jet's sides, a positive pressure region immediately

upstream and a negative pressure region immediately downstream

of the jet. This results in the deflection of the jet's

trajectory in the downstream direction (Figure 2), the

creation of counterrotating vortices at the jet's outer

edges and the deformation of the original circular cross-

sectional shape into the form of a kidney. As the stream-

wise axis of the jet approaches the direction of the cross-

flow, these effects become progressively less pronounced.

6
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III. EXPERIMENTAL APPARATUS

A. SYSTEM OVERVIEW

A surplus milling machine was configured with synchron-

ous drive motors interfaced with a microcomputer that auto-

matically positioned its bed. It was used as a three-dimensional

positioning platform in the same manner as in the laser

Doppler velocimetry work undertaken by Nickodem [Ref. 2].

The milling machine was placed adjacent to a rectangular

plexiglass flume through which the crossflowing ambient

fluid flowed. A vertical nozzle was installed in the base

of the flume to provide the jet. A temperature probe was

suspended through an opening in the top of the flume above

the nozzle by an arm attached to a base mounted on the

milling machine bed as shown in Figure 3. As the probe was

automatically traversed through a series of preprogrammed

positions across the jet, temperature data was automatically

sensed and stored at high speeds by the computer.

B. CROSSFLOW SYSTEM

As illustrated in Figure 4, the crossflow circulation

pump took water from the cylindrical 248.8 1 (65.7 gal)

reservoir shown in Figure 5 and discharged through 5.076 cm

(2 in) diameter tubing into a cylindrical flow settling

chamber 30.46 cm (12 in) in diameter and 60.91 cm (24 in)

tall located within the 60.91 cm <60.91 cm 88.83 cm

19
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(24 in -24 in 35 in) inlet chamber shown in Figure 6. The

settling chamber was sealed at its bottom so that the water

spilled from its top into the inlet chamber through honey-

combed flow straighteners to reduce turbulence and evenly

disperse the flow. To further reduce turbulence, the flow

was broken by another stack of honeycombed flow straighteners

and a layer of fiberglass filter material located immediately

above the normal operating water level. The flow next

entered a 24.4 cm 32.39 cm 182.9 cm (9.625 in ' 12.75 in 72 in)

flume shown in Figure 7 through a vertical section of the

same honeycombed material mentioned above. To avoid inadver-

tent spillage over the sides of the flume during system

start-up, a 5.076 cm (2 in) diameter overflow pipe was

located in the inlet chamber. During normal operation,

a gate valve in this piping was closed. The flow left the

flume through a 7.614 cm (3 in) diameter pipe at its end

and re-entered the crossflow circulation pump reservoir. A

gate valve located in this piping and shown in Figure 8 was

used to regulate the water level and flow velocity in the

flume. The optimum adjustment of this valve was determined

by trial and error to be closed two turns from its fully

open position. Either a globe or ball valve would have been

more appropriate for this purpose; however, neither was

readily available, so the gate valve was used. The bracket 5

shown at the base of the flume in Figure 8 maintained alig n-

ment between the flume and the milling machine. The water

23
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in th flume was z:raduall': heated b, repetitive circulation

through the crossflow pump; and b the addition of the heated

water from the -et. To maintain a constant temoerature

crossflow, cooling water from a refrigerated bath shown in

Figure 9 was circulated through a coil of 1.269 cm (.5 in)

diameter copper tubing located in the flow settling chamber.

Also, fresh water was added at the flow settling chamber

as an eciual amount was drained from the crossflow pump

reservoir through a 1.269 cm (.5 in) diameter pipe. Cross-

flow temperature was monitored by a Type-T thermocouple

located in the inlet chamber.

C. JET SYSTEM

In reference to Figures 4 and 5, the jet flow pump

circulated water from a rectangular 26.27 1 (6.94 gal)

reservoir and discharged through 1.26 cm (.5 in) diameter

tubing to a 33.0 cm x50.8 cm <54.6 cm (13 in -20 in 21.5 in)

head tank (Figure 10) . The amount of flow to the head tank

was regulated by a globe valve. Due to a low flow rate

to the head tank, water was also recirculated back to the

reservoir in order to maintain sufficient flow through the

jet pump to prevent overheatinq it. A constant water level

was maintained in the head tank by a stand pipe which allowed

overflow back to the reservoir. Sufficient flow into the

tank was maintained to make sure that it slightly overflowed

continuously. Water drained from the bottom of the head

tank through 1.26 cm (.5 in) diameter tubing and passed

25
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throuch a rotometer, a .95 cm (.375 in) tubing reducer, a

dye injection system (Figure Ii) , a water heater (Figure 12)

consisting of approximately 6.09 m (20 ft) of .95 cm (.375

in) diameter copper tubing coiled in a heated bath and

finally a 7.144 cm (.28125 in) nozzle which discharged into

the bottom of the flume. Flow was controlled by pinching

the tubing between the heater and the nozzle with surgical

clamps. Drainage from the crossflow reservoir discussed in

Section III.B was used to replenish the jet reservoir. The

dye injection system, used in photographing the jet, was

located approximately 8.23 m (27 ft) upstream of the nozzle

to minimize any disturbance to the jet that it might have

caused. The majority of this distance was taken up by the

heating coil mentioned above. The vertical distance between

the top of the stand pipe in the head tank and the tip of

the nozzle in the flume was 2.2 m (86.5 in) which equated to

21.56 KPa (3.127 psig) . Jet flow temperature was monitored
Ag

by a Type-T thermocouple located within the jet flow tubing

approximately 1.167 m (46 in) from the nozzle.

D. TEMPERATURE PROBE

Measuring temperatures in a buoyant jet with a thermo-

couple is intrusive. To reduce the probability of distorting

results, steps were taken to minimize the cross-sectional

area of the temperature measuring device as seen by the flow

of the ]et. A .0254 mm (.001 in) diameter Ty:,-E micro-

thermocoupIle was selected. The suspension device for the

28
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microthermocouple had to be rigid and have a small cross-

sectional area, for reasons discussed above, as well as be

an electrical insulator to prevent interference with the

thermocouple performance. A glass annulus approximately

1.45 mm (.057 in) in diameter and 11.27 cm (4.4375 in) in

length was chosen. One lead of the thermocouple was

threaded through the annulus and the other was glued with a

fast drying modelers' glue along the outer surface, allowing

the microthermocouple junction to protrude slightly from the

tip of the annulus. The leads at the opposite end of the

annulus were welded to .0762 mm (.003 in) diameter wire

which subsequently was connected to 28 AWG extension wire

to the computer. The annulus was mounted as shown in Figure

13. Henceforth, this device will be referred to as the

probe.

E. PROBE ACTUATOR ASSEMBLY

The cross sectional area of the probe as seen by the jet

was further reduced by orienting the probe tangentially to

the trajectory of the jet as shown in Figure 14. This

photograph indicated that the probe created no noticeable

interference with the jet hydrodynamics. Probe orientation

was accomplished by the linkage assembly shown in Figure 15.

The fixed end of the probe was hinged to a streamlined tube

23.495 cm (9.25 in) long with a maximum width and depth, as

seen by the jet, of 3.175 mm (.125 in) and 6.35 mm (.25 in)

respectively. It was rigidly connected to the mounting

30



Figure 13. Probe Profile

Figure 14. Probe in Jet
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F . A. Drive Motor Pulley

E{ E

B. Cable and Turnbuckle
C. Stroke Pulley
D. Linkage Rod

G E. Mounting Base
F. Probe Arm
G. Mounting Bracket
H. 1/2-13 Nut
I. 1/2-13 Hollowed Stud

i i I lJ J. Streamlined Tube
K. Hinge Assembly
L. Probe (Glass Annulus)

K

0

Figure 13. Probe Assembly Linkage
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bracket as shown in Figure 13 which was connected to the

probe arm shown in Figure 3 by a single stud which allowed

pivoting of the probe from side-to-side. The stud was also

hollowed so that a linkage rod could extend from the hinge

assembly through the tube and stud to a stroking pulley

which was rotated by a small motor. The hinge assembly and

the stroking pulley were spring loaded to reduce hysteresis.

As shown in Figures 16 and 17, the 1.5 VDC motor, geared to

one rpm, was directly coupled to a potentiometer as well as

the drive pulley. The potentiometer was configured in a

voltage divider such that the amount of motor rotation, and

ultimately the degree of probe deflection, was proportional

to the potential difference sensed across the potentiometer.

Limit switches were installed at the stroke pulley as shown

* in Figures 16 and 18 to prevent damage to the linkage

assembly due to over-rotation.

F. MICROCOMPUTER INTERFACE

The data collection process consisted of adjusting the

probe angle of deflection, traversing the three-dimensional

positioning platform and measuring temperature profiles.

All of the mechanisms which controlled these events were

interfaced to an IIP-9826 computer shown in Figure 19 through

an HP-6942A multiprogrammer which performed high speed analog-

to-digital conversions and ultimately provided control

signals to govern relays within the system. Refer to MAINT

in Appendix B for the microcomputer software which directed

this process.
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Figure 17. Probe Actuator Motor-
Potentiometer Arrangement

4. 0

Figure 18. Probe Actuator
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I. Probe An:-:ie Adustment

As discussed in Section III.E, a potentiometer con-

figured as a voltage divider provided probe angle feedback

to the computer as shown in Figure 20. The direction of

motor rotation was controlled by the computer through Type-

MRR1CDL replays connected as shown in Fiaure 21. When the

probe was at a desired position, a 5.0 VDC signal was applied

to pins 6L and 6R which allowed both relays to assume the

normally closed (NC) positions which opened the power circuit

to the motor. When it was desired to rotate the motor clock-

wise, pin 6R was grounded which resulted in 5.0 VDC applied

across the coil in the right-hand relay. This caused the

relay to assume its normally open (NO) position resulting in

a 1.5 VDC signal at terminal B of the motor causing it to

rotate in the clockwise direction. The left-hand relay was

activated in a similar manner for counterclockwise rotation.

Refer to PROBE SUBS in Appendix B for probe positioning

software.

2. 3-D Positioning Platform Movement

Positioning platform movement was controlled in a

manner similar to the probe and was discussed in detail by

Nickodem [Ref. 2]. Refer to MTR SUBS in Appendix B for

associated HP-9826 software.

3. Temperature Data Collection

Three thermocouples were monitored in the data col-

lection process. A Type-T thermocouple located in the inlet

chamber measured the ambient fluid temperature in the flume,
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a Type-T thermcouple located in the tubing between the heater

and the nozzle measured nozzle temperature and a Type-E

microthermocouple in the probe measured the temperature in

the jet. The F 1F's generated by these thermocouples were

amplified by "Omega Omni-Amp IIB" millivolt amplifiers shown

in Figure 22 prior to entering the multiprogrammer for

analog-to-digital conversion and eventual transformation to

temperature readings. Fourth-order least squares coeffi-

cients for this conversion were taken from Beckwith [Ref. 5].

Operation of the crossflow circulation pump created suffi-

cient electrical interference to distort the thermocouple

signals. This problem was corrected by applying a thin

coating of silicon sealant to the Type-T thermocouple junc-

tions and by connecting the crossflow circulation pump

casing, the nozzle and the jet tubing in the vicinity of the

nozzle thermocouple to a common ground. Because the jet

tubing was plastic, it was necessary to manufacture a brass

"T" connector as shown in Figure 23 which was grounded and

located in close proximity to the thermocouple junction.

Refer to T SUBS in Appendix B for associated software.

40



44



rel

0

Figure 

23. 

Nozzle 

Thermocouple 

Grounding 

Arrangement

42



IV. EXPERIMENTAL PROCEDURES

A. CALIBRATION

Before the data collection process could begin, the

rotometer, the thermocouples, the probe and the positioning

platform had to be calibrated. The detailed steps taken

are discussed below.

1. Rotometer

With a constant level maintained in the head tank

and the jet tubing disconnected from the nozzle and elevated

to the same height as the top of the nozzle, five 100 ml

samples were drawn through the rotometer and timed to the

nearest 0.01 second at each rotometer reading from 10%

to 75% in 5% increments. Flowrates and standard deviations

in ml/s are shown in Table 1.

2. Thermocouples

Since nozzle and probe temperatures were to be

normalized by the ambient temperature, the nozzle and probe

thermocouples were calibrated relative to the ambient thermo-

couple by using the microcomputer program TCAL in Appendix

B. The procedure followed is outlined in tho initial com-

ments of the program. Coefficients for first order curve

fits were solved by the least squares method with the

mainframe programs TCAL and TFIT found in Appendix C.
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3. Probe

As the probe assembly was being developed, it was

convenient to test its suitability with the probe calibration

panel shown in Figure 24. Resistance changes across the

potentiometer were recorded for varying degrees of deflec-

* tion. Analysis of this information led to improved designs

from the standpoint of reduced hysteresis and repeatability.

The microcomputer program PROBECAL in Appendix B was

developed to enable calibration of the final design after

it was installed in the system as shown in Figures 25 and

26. The calibration procedure is outlined in the preliminary

comments of the program.

4. 3-D Positioning Platform

The positioning platform was calibrated in a manner

that placed the tip of the probe at desired locations within

the flume relative to the tip of the nozzle. Referring to

the coordinate system illustrated in Figure 2, the center

of the nozzle was defined as (0,0,0) in xyz-coordinates.

The following relationships apply to the probe geometry

shown in Figure 27:

X(real) X - R cos t tan(-/4 - -t/2)
o a

0 Y(real) Y 0 + r (1 - cos ) + R cob -to pa

Z(real) = Z - r sin
0 p
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Xo ,Y o ,Z o ) was the 2osition of the milling machine bed

when the tip of the probe was at position 0,0,0) with

0 and t 90 dec:rees. For calibration, the probe

and probe arm were confi<uured with these settings as shown

in Figure 28. With measured values of r and R enteredp a

into the microcomputer program MAIN T, the calibration was

accomplished by the program MOTOR CAL. The step-by-step

procedure followed was outlined in the subprogram "SUB

Calibrate." As illustrated in i igures 3, 27 and 28, the

length of R could be modified to compensate for adjustmentsa

of t and - to positions other than 90 degrees. Decreasing

A increased the distance along the Y-axis in which the

probe could be positioned. Increments of t and . were

scribed on the top of the base and at the tip of the probe

am in Figure 28 to accommodate this change, if desired.

The program MAIN T queried the user for the value of -, and

assumed t :. The calibration software also established

position limits to prevent driving the probe into the sides

of the flume.

B. PRELIMINARIES

Crossflow velocity was determined by injecting blue food

coloring into the flow and timing its travel through a 1.0 m

interval. The average of several trials indicated the

velocity was .iJ0 m/s (.427 ft/sec) with the flume outlet

valve closed two turns from its fully open position.
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Figure 28. Probe Arm Positioning for Motor Calibration

d 77

25y

Figure 29. T-7pical Buoyant Jet as Obsered w ith Dy e
inj ected
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Photographs of jet profiles as shown in Ficure 29

taken to determine jet trajectory and halfwi l t.s

streamwise axis. This was done by inrecting bIofcc -

cu[Loring into the det flow as discussed in Sect or, ..

The specific gravity of the food coloring was fcun,'-

considerably less than that of water. To eliminate

added buoyant effect this would have had on the -et, a s-.

quantity of alcohol was mixed with the food colorinc as

suggested by Merzkirch [Ref. 6]. The amount of alcohol added

was determined by trial and error. As small quantities were

added and mixed, samples were gently placed on the srface

of a beaker of water. Pure food coloring laid on the sur-

face and very slowly mixed with the water. As alcohol was

added, this buoyant effect grew progressively less and the

mixture would settle into the water. The mixture was con-

sidered satisfactory when it no longer laid on the surface,

but settled to some equilibrium position in the beaker.

Slide photographs of the jets were projected onto large

sheets of 3.175 mm (.125 in) grid graph paper and digitized

along approximate streamwise axes and half-width trajectories.

A scaling factor was determined by equating the projected

width of the nozzle to its known outer diameter of 7.9375 mm

(.3125 in). The above data was fit to the Michaelis-Menter

Fquation [- f. 7] shown below t,,, the least squares met~iod

ith the mainframe program jETCURV in Appendix C:

av
b+v
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Correlation coefficients close to 1 were consistently

obtained. To determine positions within the jet at which

4 0'

to make temperature measurements, five evenly spaced p:cni

tions per jet flow rate were selected along the streanw!se

axis in the zone of established flow. Data planes slightlv

larger than the jet width were centered at these points and

oriented perpendicular to the streamwise axis. One hundred

data points were selected in a symmetric square matrix with

points most densely populated near the center. The planes

were identified alphabetically and in consecutive order from

"A" to "F", where "A" represented the plane nearest the

nozzle. The positions were entered into the microcomputer

and stored by plane on a floppy disk by the program LOAD XYZ

in Appendix B. Accompanying each data point was a probe

deflection angle used to orient the probe parallel to the

path of the jet to minimize interference. This angle was

determined by evaluating the first derivatives of the

equations developed for the streamwise axis and the half-

widths and performing an interpolation based uoon the data

points' position relative to the two curves.
S

C. DATA ACQUISITION

The flow systems were placed into operation and the

ambient and nozzle tcmperatures were monitored with th

program T SUBS to evaluate system stability and readiness

for data acuisitio.. The system usually took approximately-

two hours to come into equilibrium. This could be monitored
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by watching the jet nozzle temperature. When conditions

were stable, data consisting of two hundred probe, ten

Ir ambient and ten nozzle temperature samples per position was

collected, one plane at a time, by the crogram MAIN T.

The following information was stored on a flo ppy a-sk for

each data point: x, y, and z coordinates; mean probe,

nozzle and ambient temperatures and the standard deviation

of the probe measurements. The data was transferred to

the mainframe computer by using a modem, the microcomputer

program SEND DATA and the mainframe program GRAB.

D. DATA REDUCTION

The raw data was organized into a more usable format

by the mainframe program TDATA which also converted the XYZ

coordinates into the XSW system shown in Figure 2. The

resulting data was selectively sent to the program CONTOUR4

which applied calibration coefficients to the temperature

data and normalized it in the following manner:

T -T
T T P a

n a

where T was the jet temperature as measured by the probe,

T was the anbient fluid temperature and T was thea n

* temperature of the jet within the nozzle.

Contour plots of this irformation, generated by the

CONTOUR option of the graphics package DISSPLA LRef. 83,

* are presented in Figures 30 through 35.
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E. RESULTS

The contour plots found in Figures 30 through 35 support

the conjectures in Section II.C concerning the effects of

the crossflow. Figure 30, a plot of plane A centered on

the streamwise axis 46 degrees from horizontal and 7.327 mm

(.288 in) downstream of the nozzle shows significant distor-

tion. Figures 31 through 35 show planes A through E sequen-

tially plotted on the same scale in order to observe overall

jet behavior. Plane E was located 87.313 mm (3.438 in)

downstream of the nozzle and 86 degrees from horizontal.

It can be seen that as the jet traveled further downstream,

the distorting effect grew progressively less, as expected.

The rate of heat transfer from the jet to the ambient

was calculated for each plane utilizing the temperature

distribution matrix generated in the program CONTOUR4 in

Appendix C and the following relationship:

m n

o - cc A..U..T..
i=l j=l p 11 13 'I

where was the relative density of the jet, A.. was the area

of each matrix segment, U.. was the velocity in each segment,

c was the specific heat of the jet and T.. was the tempera-
p 13

ture in each segment. Velocity was measured along the

streamwise axis by a laser Doppler velocimeter (LDV). It

appeared to be nearly constant in the region of the jet

observed. The mean and standard deviation was 44.875 mm/s
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3C di. mm, s resn cctvel,. By assuming the Gaussian profile

shown in S-ection II.B, velocity was determined at radii

corresponding to each segment in the matrix mentioned

above. The rates of heat transfer are shown in Table 2.
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V. CONCLUSIONS AND RECOMMENDATIONS

The objective of this thesis was to develop a computer-

aided data acquisition system and construct a microthermo-

couple probe to be used by follow-on students to study

temperature distributions in turbulent buoyant jets. Sample

data was taken to verify system operability. Based on

results, the system performed in a satisfactory manner and

will be an invaluable tool for subsequent studies of buoyant

jets in a crossflowing ambient.

Data point positions were hand calculated and loaded

into the microcomputer with the program LOADXYZ. This was

an extremely time consuming task and distracted the user

from defining more than 100 data points per plane. The

system can be greatly improved with the addition of micro-

computer software that would automatically determine and

load data point positions. Data point population could then

be increased with ease which should result in smoother con-

tour plots and more accurate heat transfer calculations.

It was necessary to continuously add fresh water to the

crossflow system as an equal amount was drained from it in

order to maintain the crossflowing ambient at a constant

temperature. This was because the cooling coil located

within the flow settling chamber was inadequate to compen-

sate for the heat added to the system by the jet and the
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croqsflow circulation pump by itself. Although it was

possible to maintain the ambient constant within 1.4 C by

this method, in the interest of conserving water, it is

recommended that either a larger capacity chilled water

bath or a cooling system that circulates a refrigerant

rather than water be appropriated for this purpose.

S

62

..



APPENDIX A

UNCERTAINTY ANALYSIS

Experimental uncertainty was analyzed in accordance with

the guidelines set forth by Holman [Ref. 9]. Uncertainties

in the primary measurements, based upon manufacturer speci-

fications and/or the number of significant digits which

could be read, follow:

1. Time (rotometer calibration): .01 s

2. Volume (rotometer calibration): 1.0 ml

3. Rotometer reading: 1.0 percent

4. 3-D positioning platform resolution: .1524 mm

5. Probe deflection angle resolution: .5 dearees

6. Thermocouple resolution: .0099 0C

7. Thermocouple time constant: .004 s

8. Time (crossflow velocity): .01 s

9. Length (crossflow velocity) : .05 m

Based on the above, the uncertainty of the flow rate of the

jet was estimated to be 1.0 ml/s. Maximum uncertainty in

the cosition of the probe's tip due to the uncertainty in

deflection angle was determined to be .983 mm (.0387 in).

Combined with the resolution of the positioning platform,

the tip of the probe was positioned with an uncertainty of

1.135 mm (.0447 in) in each plane, or with an overall

uncertainty of 1.605 mm (.063 in) in three-dimensional
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space. Temperature was measured at the approximate rate of

100 samples per second, well within the constraints of the

thermocouple time constant. Uncertaintv in the temperature

measurements were governed by the resolution of the analog-

to-digital converter which was .0099 'C. Uncertainty in

the crossflow velocity was .00625 m/s (.0205 ft/sec).
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APPENDIX B

MICROCOMPUTER PROCRkM"S

1. MAIN T

i G 'L c ran'~~f -oflrona reb ~

1at0 3,k inve te.: 3u-Din o as,:niq

4 em0epatorm Jito acb st ion uvn
50J lets. -ptbroo~oeoofe~t

20 ' 1. Oain 200 teperar 3n t~c

30. snotaar )eiajPto s ( rso)
200. O. thet to alsm

30 3, 'lov -he) 3- o i in n
1!40 1. Pl t o m o e c P s to
250 4. in te inrocu L eDroei )t

240i io no i cnter. te nen p

:30 stroean ard~ oeva ii n sines

2 '0 a SrTes am ent

230 ~ a. Shortest arm lenitn = 4.

20 Uenqth__protoe-".437'5
310 Lengtharm-20.0

320 OPTION BASET
340 DIM o41)X50.()Z50.rbnif5O
350 LOAOSIJB ALL FROM SUBP
360 LOADStIB ALL FROM "ITR _SUBS'
370 LOADSUB ALL F7ROM "PRfJBE _,SUBS. *1

4 80 CALL Retrieve-(coef(Coef(-),"motor _coe#")

14 U 2. Input desired Positions f rom o i s

43 NPH T "Ange I o)f a rm re 1t v - n ix i s a 3 .~ rm
4L40 INPU T F 7iename or Posit onin, atJierare
1450 ASSIGN iFile4 TO FilenameS
466) Go-_on:
4,-0 ENTER WFile4;X(I),Y(i),2(:)
481)
1430 IF X ( I <>- 1 (0 'HF'0
So0 IF X(V 399 'HEN

50Prooe _ainq ie ( I Y~
P anqie"Y( 1)

520 ELSE
Probe _anqie( :)=Pnqi'

END ir,

r;0T , Io o n
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07

6010 '3. Begin loop to take data at each Point

690 C! _o

700 TNPU T "NAME OF F ILE ;,HERE DA TA 'S TO BE S TOREY)",F Ie name I$
7 10( Records-(Nitems-q-7/256) 2
7-0 CREATE BDAT Flenamel$,Records
730 ASSIGN Filel TO EtOenamel$

740
750 e
760
770 FOR dsNositon- TO Nitems
720 9R1T OTFlnm1,eo~
7140

790 'a. Move milling machine and move the
800 thermocouple prooe,
810
8 320 11l_position
830 CALL Move-ldvto(X(I),Y(),Z(I),Lenghtarm,Lengthprooe,Angle_armJon
e anqle(I),Coef(-)f
840
850
860 !b. Obtain mean temperature and sd
870
380 CALL Tcouple(T,"PROBE","C",200,St-dev)
890
300 !c. Measure ambient and jet temps
910
320 CALL T._couple(Tambient,"AMBIENT","C",O,Sd)
930 CALL T-coupie(Tnozzle,"NOZZLE","C".10,Sd)

950 !d. Write all information to disk
960
370 OUTPUT iFiel;X(I),Y(T),Z(1)
980 OUTPUT iFLIe1 :T,T_amoLent,T _nozzle
990 OUTPUT ;Filel:Stdev
1000 NEXT :_position
1010
1020 '14. Close files
030

0140 OUTPUT fFilel;-100
i050 ASS IN IAFL Ie TO
1060
1070 'S. Terminate program

i1090 PR1NT "AIl done?"

!O DEEPi120 END
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2. PROBE-SUBS

Stnis program toves :he temperature orooe
40 to Jesired dn9.es Dr .et .ecThan

3'] 1 NOTE: Calioration coei icients are
70 1 entered in Sl;B Read anq.e.
.0 I beginning at line 2911.
0
00 CtLL Readangle(Ang[e)
I1( cR[IT "The c)robe is oresently at":Angie;" degrees 'rom ,orizont~a."

120 !NPt.T "%4nat s yo,ir cesired angie -or the prooe?".-esirectange4100 COIt L rnne _ ove(Desired angie)140 0073 '20
1,, T, 6] "6

' 50 £01I)

170
180
1f0 SUB Readangle(Actual angle)
200 IThis program reads tne present angle
210 lot tne probe and returns it
220 ' f] degrees - hor izonta
230 !90 degrees - vertical, dourcuard

250 lOG, A1 and 02 - coefficients for a
280 Isecond order curve fit of mV vs angie
270 tof deflection data.
2800

280 'Coeffictents for June data tollow:
200

310 Ao--23.8657824056413
320 01=3.0999551162311-4E-2
330 02=-I 229223054561a8E-

340 FORMAT AID CORD
350 1IJUTPtJ T 723 :"CC, It" 'Clear Relay Card

1(50 OUTPtJT 723:"CC,3T" 'Clear AID Tari
2 70 OUrP!JT 723"CC,7T" !Clear Digital Card
380 OlJ T IUPUT 723 "F ,3, , 1 .25, 12T"
13 0 I]UTPIJT 722"O,1 10,IT" I CLOSE RELAY

a() OUTPUT 723: P ,3T' START R/D
410 ENTER 72301 :)
42 0 Actuai a enq I O*+A1V +A2VYV

430 SUBEND
450

47 0 SUB Prooe _move(Desiredanqle)

481) "his , ,iunpro,]ram moves the probe to the
ij40 Jlesi red angIe

0 1. Check to see it the angle is in

an accepta oe range.

]til UTPU T 72 3:" P. I T-" !C lea r Reliays
%S,0 * ALL ,}'-earscreen

a;T Sg Derer_.angie>90 TiEN

"F:' 4 l6'
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- '17 "Desired angie exceeds 30 degrees'''"

070 END IF

0 IF Desired angle<0 THEN
660 BEEP 340
§70 BEEP 3800,1
680 BEEP 3600,1
690 PPINT "Desired angle is negative'!!"
700 SUBEXT
7'0 END IF
720

730 1.a. Clear the digital output card.
/10 b o. Format the A/D carc.
750 c. C~ose the reiay that corrects
760 the prooe potentiometer to the
770 A/D converter.
780
790 OUTPUT 723;"0P,7,OT"
800 OUtPuT 723;"SF,3,3,3,2 .25,3T'
310 OUTPUT 723:"CC.IT"
a20 OUTPUT 723;"0BI ,10,IT"
830
840 2. Define the acceptaole tolerance
850 in the angie (degrees).

370 To lerance-, 5
380
330 I 3. Control loop.
300

930 Repeat: CALL Read angle(Actualangle)
920 PRINT "ANGLE -";
930 PRINT USING "DDD. DD" :Actualangle
940 BEEP Actuai_angie, 100, .05
98%j Angle error-(Desired angle-Actual _angle)
960
370 IF ABS(Angle error>>Toierance THEN
980
90 IF Angleerror>-O THEN
1000 Direction$-"Doun"
!010 ELSE
1020 Direct ions-"Up"
!030 END IF
1 04 0
!050 CALL Motorgo(DirectionS)
10G0 9
'070 ,OTO Repeat
1080 END :F
1090 OUTPUT 723;"CP,7,0T"
''00 'llJrP' '23"" . ' T" 'Clear relay carc.
111I0 S1JBENlO

_ I130

1i) SUB 'Notor-go(DirectonS)

C7§ Dl i reirec:ton$"';o" THEN
''7'L .zI t-
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10 ER Direction$-"Down" -HEN

1220 END 'F

1-40 OUTPUT 723:"OP, 7"2 LbLt;"T"
12) SUBE'IL
1260
1270

280
!290 SUB Clear screen
1300 Clear the CRT.
1310
1320 OUTPUT 2 USING "sB":255,75
1330 OCLEAR
1340 SUBEND
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3. MTRSUBS

01 e OW cuLng Ser IeS ,t SuIDroUtines
..e t i ZeG 0 :aLDrate ore a,}s,:onIn

0 t ot'f an,3 ui tlma te:Y to -nove he Prooe

S tP to des.red posit ons ,i ,n - et.
]0 f
' l SUB Draw_ [Iume

1*I] ! Draw the Buoyant Jet Plume on the CRT.
20 (;LF)

I S ,';dW ]. 8,0 38 I

Ai Drau *he t oo v to .w

2 20 rDRoW 03,0

o3 0CIR20 L[J DR -'0

2 1] IMnvE 6.o

iabel "Top".

0 SIZE 5

0 L.ABEL "Top"
10 'Draw the side view.

mn0 FIV ,22
.2w [DRA nW )S,O
3"0 2R~w -36,0

-17) " r a 0,-13

330 SJYE 6,3
330 *t(E 0 . 2* o01] P't.'E 20,O

.abe " ue"

S] BE; "S, de"

-, 4h0 I:,it :O '01 ,25

50 §4 BFL "2UDYANT ,ET TLUJME"

5]0 P~iton the nozzle.

$5J l')E 14,22

%g L'['<'N 3 -

.I 'A fvF 11, 2
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-- ,

629 ABEL "nozzie"

40 OVE 4, i1
650 CSIZE 3
16GO L,4BEL "o"

670
680 i ndicate the direction of flow.630
700 MOVE 8,1I
710 iDRAW 2,0
720 1DRAW -. 5.-.5
720 IDRA6 .5, 5
740 IDRAN -,5,.5
75o 1
760 MOVE 8.27
770 IDRAW 2.0
780 IDROW -.5,-.5
790 IDRAW .5, .5
800 IDROW -.5..5
810 1
320 SUBEND
830
840
350
360
870
880
890 SUB Calibrate(FilenameS)
900
910 OPTION RASE I
920 DIM Coef(12)
930
940 Calibrate the positioners on the
350 ! milling machine movement.
960 Onto disk. ,write out the calibration
370 ! coefficients and the hard boundaries
980 ! that must be observed!
9 90 This file will be called "Motor coef".
1000
1010 ! A. Position the probe iolume at the
1020 wail of the tip of the nozzle. This
1020 ! position is (0,0,0). All readings
1040 will be in inches. Read all three
10, 0 potentiometers. Ask the user for the
1060 nozzle outer diameter and compute the
1070 zero position. Ask the user ;or the
1080 millinq machine readings.
090
1190 9. Next, move the bed to some new posi-
1110 t tion using the override switches.
1120 r:ae readinqs from the pots and ask
1130 ! for the miliinq machine readinqs.
11410 Compute the calibration coefficients.
1150 3
116.) ! C. Move the bed to each of the extremes
11/0 in the X. Y. and Z directions ,ising
! 3 ! the override switches and have the
130 user tell the comoter when each of
12U these boundaries are hit. Enter each
'0') )t thes- )nto the disk file.
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220
230 D. DisK rile "

4
otor coet"'

:250 ! {_ zero, a-siope
1253 1 2 y ero, y s oe
!270 1 3. z zero, z-s.ope
1250 4 x MLn, X _Max
1290 1 y_min, y_1ax
1300 6 Z min, Ztsax
1310 '

1320 BEEP
1330 PRINTER IS 1

1340 GCLEAR
1350 GUTPUT 2 USING B".255,75
1360
1370 PRINT "I. POTENTIOMETER CALIBRATION:

1380 PRINT ..
1390 PRINT " NOTE: 1. Probe must be horizontal"
'400 P511)1 ' 2. Arm must De paraile: to
1410 PINT ' the bed axis
1420 PRINT 3. ALPHA - BETA
1430 PR IN T
1440 PRINT A. Using the override switches.

1450 PRINT position the Probe volume at
1450 PRINT ' the outer wail of the tip of
1470 PRINT " the nozzle.
1480 PRINT

1490 PRINT " B. I WLIL need the nozzle '3.D. and"
1500 PR!4T' the miing machine positon.
1510. PRINt

1520 PR't, "f Hit <cont>
1530 PAUSE
1540 BEEP 1500-.1
1550 [JPIJT "1. Nozzle O.D. (inches)?",Nozz leod

1560 BEE
P 

2000,.,
1570 iNPUlT "2. X (in), 1* into flu e}?",X-I
1580 EJEEP 250,T
1590 INPUT "3. y (in), i+ alonq flume to the rignt}'?",YI
1600 BEE) 30)0, .
510 INPUT " . t (in), (4 upward,')",Z _1

1620

1630 CALL Read pot("Y" ,'jx I)
1640 CALL Peaj;)o t .y
'650 CALL Reapot('" , )
1666

1670 1

* 1680 CALL Clear _screen
1690 PR[IT "C. Move 1.q -iing machi ine to a new"
'700 PRINT " Position in 3-D. by at least S
1710 PRINT' inches in each direction.

1720 BEEP 3200..;

1730 INPUT 'X. Y, Z 'n inches 7 ",X_2,Y_2.Z 2
1740 (CALL Readpot('X",Vx-2)
1750 CALL Read _pot("'Y',Vy-2)
* 760 CALL Read pot("Z",Vz_2)
1'770 1
1780 1 C. Calculate the calibration coefficients

':300 4 zero--((Nozzle _udl2)tVr _l',(X_2-4_')/(VxZ- _ 1)
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'820 ,

830 Y _zero--Vy -V-( 2- _I )/(Vy_2-Vyl )
1840 Y _slope-(Y 2-Y_ )/(Vy_2-Vy_')
1850
1860 Z _zero--Vz _1-(Z 2-Z 1)/(Vz _2-Vz _1)
1870 Z siope-(Z_2-ZT)/(Vz_2-Vz_1)
1880
1890
1900 ! D, Rind the physical boundaries for each
1910 ! direction.
1920
!930 CALL Clearscreen
1940 PRINT "1. Move the milling machine to the
1950 PRINT - minimum value of 'x. Hit <cont>.'
1960 PRINT '(Away from the f lume, backwaros;
1970 PAUSE
1980 CALL Readspot("X",V)
1990 Xmin=Xzero+X siope-V
2000 PRINT "2. Move the milling machine to the
2010 PRINT " maxLmum vaiue of 'x'. (Towards
2020 PRINT " the flume). Hit <cont>.
2030 PAUSE
2040 CALL Readspot("X",V)
2050 Xmax-Xzero X-slopeV
2060 PRINT "3. Move the milling machine to the
2070 PRINT " minimum value of 'y'. Hit <cont>."

2080 PRINT "(To the left along the fluime"
2090 PAUSE
2100 CALL Read_pot("Y",V)
2110 Y _min-Y _ zero+Y slope-V
2120 PRINT "4. Move the milling machine to the
2130 PRINT maximum value of y'. Hit <cont>.'
2140 PAUSE
2150 CALL Read_pot("Y",V)
2160 Ymax-YzeroY _slope-V
2170 PRINT "5. Move the milling machine to the
2180 PRINT ' minimum value of z'. Hit (cont>."
2190 PRINT "(Downwards)"
2200 PAUSE
2210 CALL Read_pot("Z",V)
2220 Zmin-ZzeroZ _slope-V
2230 PRINT "6. Move the milling machine to the
2240 PRINT ' maxmLum value of "z'. Hit <cont>."
2250 PAUSE
2260 CALL Readpot("" ,V)
2 270 Zmax-ZzerotZslope-V
2280 !
229n ' E, Write out the fi'l "Motor_coef".
2300
2310 ON ERROR GOTO Purgefile
2320 Reenter: CREATE BDAT FilenameS,1
2330 ASSIGN FLle TO FLlename$
2340
2350 OUTPUT ZFi le:X-zeroX-slope
2380 IlJTPIjT WiFLle;Y zero,Y slope
2370 OUTPUT iFLle:Zzero,Z slope
2380
2390 OjTPUT iFile;X-_in,X _max
2400 OIITPIJT File:Y min,Yfax
2419 IJIJTPIJT fFile;Zmnin. _fmax
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2,30 , SSIGN iF ie TO
24441) 'IBEX I T
.2450 Pure_fzie: PURGE Filename$
21460 GOTO Reenter
2470
2480 SUBEND
21490

2500
2510

2520
2530
2540
2550 SUB Read pot(Direction$,Value)
2560
2570
2580 ! Read one potentLometer and return a volt-
2590 ! age.
2600
2610 ! R3 -- Pot X
2620 ! R4 -- Pot Y
2630 ! R5 -- Pot Z
2640
2650
2660 IF Directin$"V ' THEN Relay-3
2670 IF Direction$-"Y" THEN Reiay-4
2680 IF Direction$-"Z" THEN Relay-5
2690
2700
2710 OUTPUT 723:"OP,.1,OT"
2720 OUTPUT 723: "OB,1,;Relay1",IT"
2730
2740 OUTPUT 723:"1P,3T"
2750 ENTER 72301;Value
2760
2770
2780 SUBEND
2790
2800
2810
2820
2830
2840
2850 SUB Clear screen
2860 ! Clear the CRT,
2970
2880 OUTPUT 2 USING "0,8":255.75
2890 GCLEAR
2900 SUBEND
2910
2920
2930
2940
2950
2960
2970 SUB Motor(Direction$.RotatLon$)
2980
2990 ! Turn on the iotor in the requested direc-
3000 tion (xv,z) with the reluestion rota-
3010 1 tion (C4, CC ),
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O030 Dirs-DirectionS
3040 RotS-otationi

j

3050 IF Dir$-X' A4ND RotS-"CW" THEN Lbit-2
3060 IF DirS-"X" AND Rot$-'*CCW" THEN Lbit-1
3070 IF DLrS"Y" AND Rot$-"CW" THEN Lbit-4
3080 IF D ir$ "Y" AND Rot$- CCW" THEN Lbit-3
3090 IF -D ir -' ND Rot$-"CCW" THEN Lbit-5
3100 IF Dir$-"Z" AND Rot$-"CW" THEN Lbit-6

31 10
3120
3130 OUTPUT 723:"OP,7,*;2^Lbit;'P"
3150

LL

310SUB Motorstop

3220

320 1stop all motors!
3250 OUTPUT 723:"OP,7,OT'*
3250 SUBEND
3270
3280
3290
3300
3310
3320
3330 SUB Retrieve-coef(Coef(),FienaneS)
3340!
3350 OPTION BASE I

3370 F Retrieve the potentiometer calibration
3380 F coefCients from a dSk file called
3390 1 'Motor-coef". Place these in an array.
3400
3410 ASSIGN $File TO Filenamet
3420 1

3430 FOR 1-1 TO 12 STEP 2
3440 ENTER File;Coe (I),Coef(1I1)
3450 NEXT I
3460 1
3170 ASSIGN Wile TO
3480 SUBEND

31190

3500
3510 S
3520 1
3530 S

32540 1

3550 SUB Lae3pOnt(XY ,,Symbol$)

Y260 SU.N

3570 Label a Point on the Flume diagram
3580 using e symol 3peciied.
3590 '
3W0 PRINT TABXY(1,13).'(XY,Z) inches
3301) PRI iT I jS NG "DDD .3:X Y Z
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3620

36 40 IF SymbolS-"X" THEN
3650
360 MOVE 14+Y,24 Z
3670 IMOVE - 2..-.2
3680 TDRAW 0, 4
.3690 :DRAW . ,0
3700 IDRAW 0,-,4
3710 IDRAW -.4,0
3720
3730 MOVE 14+Y,11*X
3740 'MOVE -.2,-.2
3750 iDRAW 0.4
3760 IDRAW .L,0
3770 IDRAW 0.-.4
3780 IDRAW -.4,0
3790 END IF
3800
3810 IF Symbol$-"*" THEN
3820
3830 MOVE 14+Y,11+X
3840 IMOVE 0,.2
3850 IDRAW -.2,-.4
3860 IDRAW .4,0
3870 IDRAW -.2.4
3880
3890 MOVE 14+Y,24+Z
3900 IMOVE 0,.2
3910 IDRAW -.2,-.4
3920 IDRAW .4,0
3 30 DR( -.2,.4
3940 END IF
3950 SUBEND
390
3970
3980
3990
4000
4010
4020 SUB Moveldvto(X,Y,Z,Length_acm,Length probeAnqle armAngle Jrcpe,.,r

4030 DEG
4040
4050 OUTPUT 723:"CC, 1 T"
4060 OUTPUT 723:"SF,3,3.3,1 .25,12 T''
4070 PRINTER IS 1
4080 ON KEY 0 LABEL -ABORT" CALL Stop-all
4090 OPTION BASE
4 1u Toierance-.O0O

4120 ! Move the Probe to the position indicated
4130 i in (incnes) relative to the nozzle tip.
4110
4150 ! Dimensions are in inches and degrees

4110 . Load in the calibration coeificients.
4180
4190 X zero-Coef(1)

4 0
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01

a210 y -S -e Coe;(3

4 23 0 Z _ ero-,Coef(5)
4-40) Z _sope.,Oef(6)

4 2 60 X _max"( f38
4270 Y _nin-CueriU3)
4280 y _max-Coef(IO)
4290 Z _ nnCoef(11)
4300 2 _max-CoeW(2)

4320 A.2 Move the Probe

ij340 CALL Probe _moe(Angie-probe)

426 0 1 3. Does (X,Z) ILie within the Per-
43,10 mitted ooundaries

43,30 1 F )XXmax OR X(X mmn OR Y>t _max OR Y(Y-min OR Z>Z_ ,ax OR ZeZ _n

4400 BEEP 1700_ 5
4410 BEEP 2000,-5

S 4420 BEEP 1'00.-5
4LIJ1 BEEP ?000-5
4440 PRINT "Desired point is out of range!"
4450 SIUBEXIT
4460 END IF
4470
4480 1C. Find aout where the Probe is now, draw
4430 0. the flume on the CRT, and lablel the
4500 desiredi Position.- 4510
4520 1. Sound warning, movement immenent!

4540 CALL Cldar _screen M INT4550 PRINT TABXf( 1.12) "MOVEMENT OF MILLING MACHINEIMNET
4560 7OR 1-1 10 14
4570) BEEP 1200,.1
45830 BEEP 1700- 1
,4590 BEEP 2200..1
4600 BEEP 2700,-1
4610 NEXT 1
4620 CALL Clear-screen
Z1630
4640
4650 OUTPUT 723;"CC.1T- !CLEAR RELAY CARD.

* ~4660 CALL Position('X",X-actualVali_ haitt.enqth _arm.Length~probeAn,~ .iu
Anq1e-p robe ,Coef (-
4670 CALL Position("Y",Y-actual,Valu_shaft,Length arm,Lengthproe:1 ngle _ar!1.
Anqle~probe,Coef(-)
4680 CALL POSition("7",Z-actual,Valu_shaft.Lenqth~arm.Length-Probe.4n'!e --a,-u.
Anqie-prooe.Coef(-)
4690
4?01)

* 4710 CALL Draw _flume
4720 COLL LaDCefPoint(X-actUai,Y-actuaL,Zactuai,4+)

4730 CALL Lanelpoint(X.Z'"

41 1) . 'love each motor to brinq the error
4 7F t wtee n aict ud i andj e I sr . l DOSL rI On
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14770 1 into tolerance.

zi 790 X _oldX _actual
4801) X -node: Xerrori-x _actual
4810 1F ABS(Xerror)>Volerance THEN
4820 IF Xerror>l THEN RotS'"CCW'
4830 IF Xerror<O THENJ RotS-CW-
4840 CAL Motor(X",Rot$)
4850 CALL Position( XXactualValu_shaft,Length-arm,Lengthprobe,Anqle~ar'.
4ng leprooe ,Goe ( )

4880 COLL Plot.pathX_old.'_actual.Zactua,XactuaI,'acta.~

4870 X _ old-X-actuaI
4880 COTO X-node
1890 END IF
4900

492f0 '_old'? _actual
493b Y1 node: Yerror-Y-T _actual
4940 IF ABS(Yerror)>Toterance THEN
4950 IF Yerror>0 THEN Rot$- CCW"J
4960 IF Yerror(0 THEN RotS-"CW"
4970 CALL Motor('Y' Rot$)

64380 CALL Pos~tion("YYactuaVali-shaft.Lenqthar.Lenqthprobe,8nqe~a-.
Anq ieprobe Cue f (-)

oU3O C(~LL Plotpath(X acttuaI,'?old,Z actu.IX-actu~al.'?_cY AZAt
a!)
5000 Y?old'?_actual
5010 COTO Y-node
5020 END IF
5030C 5040
5050 7 _old-Z-actual
5060 7_nodje: Zerror-Z-Z _actual
5070 1F 4BS(Zerror)>Tolerance THEN
5080 IF Ze-rror>0 THEN RotS-CW"
5090 IF Zerror0O THEN RotS-"CCW"
5100 CALL Motor("Z",Rot$)
5110 CALL Position("Z",Z-actualVal-shaft,Lengtharm,Lengthprobe.Angleiarn.
AnqlIeprobe.Co~ef (-))
5120 CALL Plotpath(X actual,'? actualZ old,X actual.'?_actuAl.Z _AIcrj
al)
5130 7 _old-Z-actual
511) COTO Z _node
51'50 END IF
5 1 80
5170 1
5'00 CALL Mlotor _stop

j i iU

V.52!0 FOR 1-1 TO 4
220 8E-240.
5230 BEEP 4800,-2

52ifi NEX7

52 sc)O 'SFND
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5310

5330 SUB Position(DirectionS.Yaiie,"JaisnBaft.Lengtr) _arm.Lengtntr)pofe~tf li a'
HnqieprobeCoe (-.1
53140
53 50 13PTION BA4SE I
5360 D E;
5370
5380 1Return the Position (inches) For the
5390 aporooriate direction relative to the
51400 nozzie tip.
5141D
5420 CALL Read.pot(DirectionS,Voltage)4 51430
514 4 0 X _zero-Coef(l)
51450 X _slope~oef (2)
51460 T' _ ero-Coef(3)
51470 Y _ iope=Coef(4)
51480 Z-_ ero-Coef(5)
51490 Z _slope-Coef (6)
5500
5510 5
5520 Dir$SDirection$
5530
55140 IF DirS X" THEN
5550 Valu -shaft=X _iero+X _slope-Voltage
5560 Value-alu±sat-LengtharmCOS(nglearmTAN(45Anglearm/2.0)
5570 END IF
5580
5590 IF Diri-"Y'* THEN
5600 Valui-shaft-Y _zero+Y-slope-Voltaqe
5610 Value-Valu shaft+Lengthprobe-(1 .-COS(Anqte~probe))+Length ar-1 7 (
Angie-arm)
5620 END IF
5630
56140 IF DirS-"Z' THEN
5650 Valu-shaft-Z_ ero+Z-slope-Voltaqe

45660 VaiueValu-shaf t-Lengthyprobe-SIN(Angleprobe)
5670 END IF
5680
5690 SUBEND
5700
5710
5720
5730
57140
5750
5760 SUB Stop-all
5770 1STOP A4LL MOTORS AND QUIT
5780
5790 GCLE14R
5800 CALL Motor-_stop
5810 PRINT " 'OTOR CONTROL A4BORTED!!'"
5820 PRINT "(HIT (CONT> TO CONTINUE)'
5830 PAUJSE
5840l SIJBEND
5350
58f6o

79



509

5900

5910 SUB Plot path(Xl,Y!,Z1,X2,Y2,Z2)
5920
5930 Plot the path of the probe on the flume
5940 d itagram as the motors move the bed.
5950
5960 ! Lower plot followed by upper plot.
5970
5980 PRINT TABXY(t,T3),"(X,Y,Z) inches -
5990 PRINT USING "DD.DDD";X2,Y2,Z2
6000 MOVE 14+YI,24+ZI
6010 DRAW 14+Y2.24 Z2
6020
6030 MOVE 14+Yl,??+Xl
6040 DRAW 14+Y2,11+X2
6050
60G0 SUBEND
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4. T SUBS

413 CUB 7-couple(TemperatureChoiceS,ScaleS,No_readings.Stcev)
50

S0 ! SUBPROGRAM T_COUPLE
73

30 by BLII CuIbreth
90 19 April 1984
100
110 PURPOSE: This program is designed to
20 read type T or E thermocoupies and
I10 ! return the actual temperature to
140 ! the calling routine.
150
160 Temperature -- Temperature from the
170 thermocouple in degrees F or C rror
130 ! the thermocouple ioentified by
190 "ChoiceS".
200 ! ChoiceS -- Thermocouple choice, current-
210 ! ly: "AMBIENT", "NOZZLE", or. "PROBE".
220 ! Scales -- "F" For Fahrenheit or "C" For
230 ! Celsius. or "H" for histogram in "C".
240 ! No_readinqs -- How many readings of the
250 ! same thermocouple should the routine
260 take?
270 ! Stdev -- The standard deviation of the
280 ! temperature for the indicated number
290 ! of readings in the units given by
300 "ScaleS".

310
30
220 1. Open all relays and initialize the
341 I converter.
3SO
3]0 OUTPUT 723;"CC,1T"
370 OUTPUT 723;"SF.3,3.3,1.25,12T"
2780

390 OUTPUT 723:"OP,1,OT"
400
410 ! 2. Close the chosen relays.
420
430 ! a. Ambient T -- Type T, relays 6,8.
440 0. Nozzle T -- Type T, relays 7,3.
450 C . Probe T -- Type E, relay 9.
480 !
4 70 [F ScaleS-"H" THEN

480 Plot a histogram using Celsius,
'40 Histogramsl"YES"
S0 ScaleS-'C"
510 ELSE
520 11 s togramS-"NO"
530 END 1F
540S
550 1

560 :F ChoiceS-"MBIENT" THEN
57{ 3ypo: -'. .

5:3 lJjT OJT 723:"OB,1,8,1 ,9 IT"
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7

11;0 F 'hoiceS' 0 CBE" -"EN

620 END

720 !3. Takce an ADconversion and convert
773 ! into temperatur-e.

7140
7503 Sum-0

770

790 IF -istoqramS-"YES" THEN GOSIJB Set _tp'Iisto

:3 20 FOR 1-1 TO 'Jo-_readinqs
* 30 ]1JTP1JT 723:":7-

3140 EN T ER 72201 ;f8
85S0 :F TypeS'' !- THEN

970 ASNO 7 u
880 FTpeE THEN
890 r- 100
9 JO ND :F

G 30 ") - '* V(mV')
320 GO SUB Con.'Pr- -t
39 3E '0 0 , .0

354S Smum AP

'9 f3 3
970 !F Histoqram3-"YES" 'HEN G0508 Plot-point

(n *empe r a te-S/No r readiLngs

0/40 7 'o-_readinqs-l THEN

630 E L )E
0/0 5Itdev-SOiR(ABS(UStml-No-readinqsT emperathre 2)/(No7eadinqs-1'W

'<3 '4. pen ali relays.

]U 'PI 3Ut ' 723:0P, cI

.i' JIBEx

i13 -nv' r~
*,i . "~orou t ine -)n,.p r ( Y)
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210 teratire.
1220
1230

1240 IF Types = " THEN
1250 A-2.5661297E+1 0-6. 1954869E-! A*'+2.2181644E-2*'3-3.55009E-aoq*'"
1250 END LF
1270
1280 !
1290 IF Type$-"E" THEN
1300 A-1.7022525El-A-2. 2097240E-1-Q-A5.4809314E-3-A-3-5.76G9892E-5">
1310 END IF
1320
1330 ! Fix the scale.
1340
1350 IF ScaleS-"F" THEN A-1.8-A 32
1360 RETURN
1370 1
1330
1390
1400
1410

0 1420
1430 Set up_hlsto:
1440
1450 Set up a histogram of temperature
1460 versus numoer of counts.
14/0

1480 ! 1. Zero out the Height(-) array.
1490
1500 DM HeLght(203)
1510
1520 FOR 1-1 TO 202
1530 Height(I)*I1
1540 NEXT I
1550
1560
1570 DUMP DEVICE IS 701
1580 GIN[ T
1590 OIJrPIJT 2 USING "',B":255,75
1600 GRAPHICS ON
310 FROME
620 ,41NDOW -100,100,-10,100
1630 MOVE -5.32
1410 -SIZE 7
650 LABEL "TEMPERATURE HISTOGRAM-
1660 AXES 25,10,00 ,,
1670 PEN -I
1p0 MOVE 0,-b0
1690 DRAu ,),0
1700 InyrvE- .30
1710 DRAW 0, 0O
1720
1730
1740 rake 10 temoerature readinqs to qet
'750 the scaie.
1760

I 770 Sum-q]
S730 ,m ,

n 8
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!81N ENTER 72301 :A
920 'iEXT

18'O FiR I-1 TO 100
1850 OUTPUT 723;"P,3T"
1960 ENTER 72301:A
1370 IF Type-"D=T" THEN
1880 A-/1000
1890 END IF
1900 IF Type$-"E" THEN
1310 =A/1000

1920 END IF
1930 GOSUB Convert-t
1940 Sum,SumA
1350 SumI-SumI+A-A
19GO NEXT I
1970 T mean-Sum/100
1980 Sd-SOR(ABS(SwnI-100-T_mean'2)/99)
1990
2000 Change the window to extent from
2010 -4-SCI to +14-Sd.
2020
2030 MOVE -12,-?
2040 CSIZE 4
2050 LABEL USING "DDO.DD";T-mean
2060 MOVE 15,-7
2070 LABEL "C"
2080
2090 MOVE -87,-7
2100 LABEL USING "DDD.DD";T-mean-3-Sd
2110 MOVE 63,-7
2120 LABEL USING "DDD.DD';Tmean+3-Sd
2130
2140
2150 MOVE 5,47
21G0 LABEL "50"
2170
2120
2190 1 3. Calculate the window temper-
2200 ' ature interval.
2210
2220 Interval-4-Sd/10O
2230
2240 T min-Tiean-a*Sd
2250 Tmax-Tmean 4-Sd
2260
2270 WINDOW T_min,Tmax,-10,100
2280 RETURN
2230 1

2310

-2]20 I

! '50 Plot-point:

2]70 ' ",)t each temperature point as
2d I reeLved on the nisto,ram.

r (A- -_ Ln)l T-8 x-4 mn n))-3010+10On

84



47

2410 BEEP Freq,.31
24 20 d -0

21430
" 4 0 FOR T-T min TO T max STEP Interval
21450 J-j+T
2460 IF A<-T THEN
2470 HeLht(J)-Height(J)+l
2480 GOTO Continue
24'30 END IF
2500 NEXT T
2510
2520 ! Draw the point.
2530
2540 Continue:
2550
2560

2570 MOVE A.Height(J)
2580 CSIZE 4
2590 LHBEL
2600
2670 ? Label the number of points and
2620 ! the temperature.
2630
2640 PRINT TABXY(2,3);"T(C)-":A
2650 PRINT TABXY(2,5);"Sampie #";I
2660
2670 RETURN
2680
2690
2700 !
2710
2720
2730
2740 SUBEND
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C5. TCAL

0 f _A L

T 0  r'15 program records the output from the
LL !amLent, probe and nozz'e tnemo,:oupLes
Z0 1 or caiibration purposes. 'he data is
bJ pr nte1 as wei[ as transmitted to a data7i 0 !ile.
90
90 !Data is recorded in the following order:
100 a. Ambient temperature
1i0 ! b. Prooe temperature
120 c. Nozzle temperature
130
140 'Place the ambient. probe and nozzle
150 !thermocouples into a bucket of warm water,
160 !execuLte this program, then add ice.
170180
190 LOADSUB ALL RROM "T_SUBS"
200
210 Identify the BDAT File
220
230 INPJT "JAME OF FILE WHERE DATA IS 7O BE STOREDI".FilenamelS
240
250 I Identify the nnumber of data points desired
260
270 INPUT "NUMBER OF DATA POINTS DESIRED?",Nitems
280
290 Identify the number of samples per
300 -.hermocoupte per data point

IG 310
320 INPUT "NUMBER OF SAMPLES PER DATA POINTT",Sample
330 1
340 ! InitlaiLze a counter
350
360 I
370
330 Create a data File39w0

0 '00 Records-0(4tems*-33/256)42
410 CRFOTE BDAT FiienameiS.Records
421] ASS[2]N FLIel TO Filenamel$
430
440 !Tate data and print results
,450
460 CALL T-coLuple(T ambient."AMBIENT","C",Sample,Sd)
470 BEEP T-S0,, .5
480 PRiNt "TAMB.SD-":T ambient,Sd
490 CALL T coupie( T,"PROBE"",SampleSt-dev)

500 BEEP T-50,.05
510 PR[N "TPROBE.SD-";T,St _dev
520 CALL T-coupie(T nozzle."hZZLE","C",Sample,Sd)
530 BEEP T-50,.05
540 PRINT "N0ZLSD-"; Fnozzle.Sd
550 !
*60 ! Send data to the data File
570

0 OIJTP'JT Filel:T amoient,TF_nozzle

TeSt to see if -mnLsned

86

6'



67-0 IF I-Nitems THEN
330 GOTO 7N0
640 ELSE
350 1I + 1
330 GOTO 460Q
370 END 1F
680
330 1Close the data file
700
710 OUTPUT iFLIl1;100
720 ASSIGN &FIlel TO
7310 !
7'40 AlRert 'he tiser. .the job iS completedU 750

IN 730 PRINT "ALL DONE"
770 BE;7P
790 BLEEP
7N0 EID

08



6. PROBE CAL

:] ' -'PuBE _(4L

'his proqram il11 provide the data
40 ' necessary o :ai- .rate probe i,-' ec-on
S0 i ' ,sed in the Piolowing manner:
60
70 ' a. Switch OFF probe acttation power
80 ! at the Probe base.

30
-00 ! b. Swing the probe arm out of the
110 1 tank 5uch that the prone is
120 ! accessabie.
130
40 ! c. Attach the calibration panel to the

150 ! probe assembiy, taxing care not to
160 ' damage the glass probe.
170 1
180 ! d. Run the program.. it will ask for
190 I the desired position in mY. The
200 following guidelines apply:
210
220 ' i. If it is desired to lower
230 1 the probe, type the extreme
240 / ,alue 9000 (anything >4600
250 i will work, but 9000 is a
260 1 quick and easy number to
270 enter).
280
290 ' Lt. If it is desired to raise
300 1 the Probe, enter the extreme
310 1 value '0 (anything less than
320 1 940 'dil work).
330
340 e. The program will next ask which bit
350 is selected to be "high". The
360 I following guidelines apply:
370
380 i. If it is desired to lower the

390 1 probe, enter 7,
400 t
410 1 . If it is desired to raise the

I20 I probe, enter 8.
4,30 1

44i) F . Switch 'IN probe activation power and
450 1 when the probe reaches a desired'
460 I degree of deflection, switch the
410 1 actLvation power OFF and record the
480 1 mv ,alue printed on the screen.
4'J0
500 1 g. Repeat steps (d) through (f) until

510 sufficient data is collected. Load
520 1 this data into the program "POLYFII"
530 l and request a second order fit
540 I (let X-anqle and Y-mV).
550 1 Enter the coefficients derived by
560 1 this orogram into the appropriate
579 location in the proqram "

0
ROBE _SUBS".

'),0 '10 E: The relays 'dil be dctiivated on
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610 ' digital low! When the macnine ooots
620 up (hp-982S). all relay lines are
630 ! hign (+5V). The instructions neiow
641] w will drop the voltage to zero.
650
660 INPUT "What is the desired oosition0 (mV)".Voitage
670 PRINT "Desired position (mV) -":VoLtage
680
690 !Read the actual motor position.
700 ! If the desired position is BELOW the
710 ! actual position, then tell the motor
720 to move UP.
730 ! If it is ABOVE. then tell it to go DOWN.
740
750
760 INPUT "WHICH BIT DO YOU WANT HIGH?",Lbit
770
780
790 OUTPUT 723;"OP,7,OT" !CLEAR ALL D/O
800 OUTPUT 723;"OP,7,";2^Lbit:"T"
810
820 OUTPUT 723;"CC,IT" !CLEAR AID CARD
830
840 OUTPUT 723:"SF,3,3,3,1.25,12T" !FORMAT A/D
850 OUTPUT 723:"OB,I,10,1T" !CLOSE THE RELAY
860 !THAT CONNECTS THE
870 !A/D CARD TO THE
880 !POTENTIOMETER
890 OUTPUT 723:"IP.3T" !START A/D CONVERSION
900 ENTER 72301:A !ENTER A/D VALUE INTO A.
910 OISP A
920 BEEP ABS(A),.01
930
940 ! The following IF stops the motor when
950 ! it reaches it's limits.
960
970 IF (Lbit-7 AND A>4600) OR (LbLt-9 AND A<940) THEN
980 OUTPUT 723:"OP,7,OT"
990 BEEP
1000 PRINT "ALL DONE!!!"
1010 END IF
1020 GOTO 890
1030 END
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7. MOTOR CAL

,! ' .UTOLR _ C.AL
ju
30 2 .JRPOSE: Calibrate the Potentiometers
4( used(i with tfle motors on tne miling
so I macnine.

/0 1
30 OPTION BASE I
90 DIM Coef(12)
100
10 OUTPUT 7230"SF.3.3,3,1 .25,12T"

120 LOADSUB ALL FROM ".TR SUBS"
130 LOADSUB ALL FROM "PROBE_SUBS"
140 File$"motor coef"
150 1
160 CALL Calibrate(File$)
170 1
180 CALL Retrievecoef(Coef(-),File$)
190 BEEP 2400,1
200
210
220 PRINT "What (x.y.z) position do you wish to"
230 PRINT " move to? (inches relative to noz-"
240 PRItI " zle)"
250 INPUr X,YZ
260
270 CALL Moveldv_to(XY,Z,LengtharmLength_probe,Angie-arm,Probe-ange,Ce(
))

280
290 BEEP
300 COT0 290
310 E ND

*90

!-
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4 8. LOADXYZ

20 ' 30 4ril 381

20 ny 3ill Cuibreth"0
goCO 30 A)pril 1984

70
30 ! PURPOSE: This program will allow the
90 user to enter desired ,x.y,z) posl-
100 tions of the milling machine relative
110 ! to the nozzle. The values 'ill De
120 ! stored on disk to be utilized later
130 ! by MAIN _T.

150 DIM X(500),Y(500),Z(500)
160
170 I . Input the fL e name.
130
190 GOSUB Clearscreen
200
210 PRINTER IS I
220 PRINT "Input the file name." 4

230 PRINT "1 I suggest 'RUNXX' where 'XX'
240 PRINT is the run number. I"
250 PR IN T
260 INPUT FilenameS
270
280
290 ! 2. Begin Lriputting data.
300
310
320 GOSUB Clearscreen
330
340 'RINT "Do you wish to append a previous data file 2 '
350 INPUT Answers
360
370 IF Answer$-"YES" THEN380 INPUT "Previous Lle name ' ' ,Old _ ileS
230 ASSIGN iFileI TO Old_tileS
400
:410 1-0

420 Loopl:
430 I-r.
44o] ENTER FFileT :X(I),Y(I).Z(I)
450 OUTPUT 701:"I.XYZ-";I.X(D).Y( ).Z(I)
460 IF X(I)<>-100 THEN GOTO Loopl
470 ASSIGN iFilel TO
480 PIRGE Old_fileS
490 Count - 11500 ELSE

50 Count-n
520 END IF530
540 GOSUB Clearscreen
550 BEEP560

.9570 [I " Inpu t tre desLred PosLtion in
f.' 580 PP rC incnes as X. , ano ."

. 1)0 1)I'i "2 T rminate inpult b'y enterinq - II)

p. 91
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510 PRINT "2. T-.rm1nate input by entering -'
620 PRINT " F r X, Y, an ."
630 PRINT "3. 1; ,ou wish to enter an orientation angle."
64O PRINT ' enter '-599,orientatLon,0"'
S50 PR IN T$60 t .

670 Begin:
680 Count-Count+1
690 PRINT "Item Y":Count
700 INPUT "(X,Y,Z) in inches7",X(Cont),Y(Count),Z(Coant)
710 OUTPUT 701 ;"I.X,Y,Z-";Count,X(Count),Y(Count),Z(Count)
720 IF X(Count)<>-100 THEN GOTO Begin
730
740 Endcount-Count-I
750

760 1 All data points have been entered.
770
780 a. Set up new softkeys.
790 b. ExpLain softkeys.
800
810 GOSUB Clear screen
820
830 PRINT "SOFTKEY LABELS:"
840 PRINT " 0 -- WRITE data to disk."
850 PRINT ' 2 -- EDIT out bad data."
860 PRINT " -- HARD copy the data on printer."
870 PRINT " 6 -- LIST data on the CRT."
880 PRINT " 8 -- STOP terminates the program."
890
900 ON KEY 0 LABEL "WRITE" GOSUB Write_data
910 ON KEY 2 LABEL "EDIT" GOSUB Edit_data
920 ON KEY 4 LOBEL "HARD" GOSUB Hardcopy
930 ON KEY 6 LABEL "LIST" GOSUB List _data

940 ON KEY 8 LABEL "STOP" GOTO Terminate
950 GOTO 900
960
970
980
990
1000
1010 j
1020 ]

1030 Clear screen:1040) 1.,

1050 1 Clear the CRT dislay._
1060
1070 OUTPUJT 2 USING "s,B":255.75
1080 GCLEAR
1090 RET URN
1100
!110
1120
1130 1
1140 !

* 1150
0163 Hard_copy:

I '40 tPrint out all data to the orinter.
'3 Oc
20 0 RINTER :S 701
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220 PRINT" Count X(Lnches) ficount) Z(count)"
1210 PRINT " 
1240 PRINT
'250 FOR '=i TO End count
T260 PRINT IX(1),Y(I),Z(I)
1270 NEXT 7

1280

1290 PRINTER IS I
1300 RETURN
1310
1320
1330

1340
1350
1360

1370 List _data:
1380
390 I List data to the CRT.

1400
1410 GOSUB Clearscreen

1420

1430 PRINT "There are";End-count;" data points."
1440 PRINT
1450 INPUT "Which point do I start with",Start
1460 INPUt "which point do I end wjth?",Enddata
1470
1480 FOR I-Start TO End-data
1490 PRINT "I,X,Y,Z-";I,X(I),Y(I),Z(I)
1500 NEXT I
1510 RETURN
1520
1530 1
1540 1
1550
1560 1
1570 1
1580 Edit _data: I
1590
1600 ' Edit data.
1610
1620 GOSUB Clearscreen
1630

1640 INPUT "Which data point do you wish to aiter?",i
1650
1660 PRINT
1670 PRINT "For point g",I:", (XY,Z) where:"
1680 PRINT X( I y( ; , Z(I
1690
1700 INPUT "TyFe in the new vatues:",X(I.) Y(I) ,Z(1)
1710 RETURN
1720 1
1730
1740 I
1750 I
1760 I
1770
1780 Write edata:
1730o
'800 ' Arte lata out to a i e on disk.
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3870

19150 'SGNFte' inaS19320 4( cc nt)O
180 Fax data-3 End coant+1)

1880 FlUe_size-INT(Max__data8/256)1
18960
1900 CREATE BOAT FilenameSFhlesize
1910 ASSIGN 'jFile TO Filename$
1920

930 FOR I-' TO End_count l

(II 19~~~~~~240OUPTF eX )Y( ,(I

2950 NEXT I

2960
2970 GOSUB Clear screen1980 BEEP 2400,.3

1990 PRINT "File "FlIename;" has been stored!"
2000 ASSIGN 4Fle Tfl*

2010 RETURN
920202030

2040
2050 '
2060 1
2070
2080 Terminate:
2090 0058 Clear _screen

I2100 PRINT "NORMAL TERMINATION OF PROGRAM!"
2110 END

0l

0

S".
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9. SEND DATA

* 0 * SEiuD_ .i

,0 1T UAX,IBMTRS-8O.

so I HP-9826 TERMINAL PROGRAM
G to [REOUTRES BINARY ENHANCEHENT PROGRAM
70 ! "BEB"! ]
80
30 ! JUNE 30, 1982
100 I updated 1/5/83
110 uipdated !/16/84

130 1 BILL CULBRETH

150

160 Sc-9 I RS-232 IS SELECT CODE 9.
170 PRINTER IS I PRINTER IS CRT.
180 Pr-l DEFAULT PRINTER IS LRT
190 Printerchoice-701 I MY PRINTER IS '01.

200 Bits-7 BITS PER CHARACTER
210 Duplex-O FULL DUPLEX
220 BauO-300 I BAUD RATE
23 O Compater-1 I ASSUME IBM COMPUTER
240

250 OUTPUT Pr:"(300 BAUD, IBM assuned.'
260 OUTPUT Pr:" Load the binary ;roqra . ;
270 OUTPUT Pr;' unless you nave BASIC 2.'
280 OUTPUT Pr:" SET MODEM ON <FULL
290 OUTPUT Pr;'
300
310 DIM NameS[200l,Ho_ le$[O]A(150).NmSoO[
"20 INTEGER Isend
330 I
140 CONTROL Sc,3;Baud
350 CONTROL Sc,4:Bits-5+4 ' BITS/CHAR 5i wSTOP BITS.

370
380 To disk-0
390 Dataouino=0
[00 I [_data = 1
1410 1 =
420 -I
14

I q30 =

K IO ON ERROR ;OTTO Errors
"70 )N k ' flPE "'Lne Mode" SOTO Line _mode
/80 JN <[ 5 LSBFL "'

T rminai" OnTO Terminal
14,30 fON wFY L:','-E v- " o rt" GT P _
5~~~~~~100 ON 'EY :,£ T r "O [ r r

S!0 ,]N 6EY '3 -A E L "DATA" GOTS Data_,:ao
52 0  '

1)I Linemode:

,IJT P, :"'rLINE RECEPTION MnDEY'
S0) Begin: 51/A2.5 uc,'0Y I Ci'ECV rOR ;L VFR

m8O I'F BIT(Y,O)-, THEN GaT] _egIn

."E(TE liE PFI T NE.
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G10
620 Receive: STATUS Sc,6;A
630 B=A
,340 OUTPUT Pr 'JSING "',A":CHR$(B)
650 IF B-63 AND Datadunp-1 THEN GOTO Data dump
660 IF B-13 AND Computer-3 THEN OUTPUT Pr:CHR$(13)
670 GOTO Begin
680
690 ! TRANSMIT ROUTINE.
700 9

710*
720 IF Duplex-O THEN
730 IF NUM(Key$)<>255 THEN OUTPUT Pr USING "u.A";Key$
740 IF NUM(Key$)-255 THEN OUTPUT Pr;"
750 END IF
760 IF Computer-1 AND NUM(KeyS)-8 THEN KeyS-CHRS(64)
770
780 ! the previous line gives an i
790 ! for a backspace ior the IBM.
800
810 IF Computer-5 AND NUM(Key$)-8 THEN KeyS-CHR$(127)
820
830 THE VAX/VMS REQUIRES A DELETE
840 ! SYMBOL FOR A BACKSPACE.
850
860 IF NUM(Key$)-255 THEN KeyS-CHR$(13)
870 OUTPUT Sc USING "'.A":Key$
880 GOTO Begin
890
300
9C 10
920 ' DATA FILE OUT TO THE HOST COMPUTER.
930
940
950
960 Data-dump:
970 IF Idata-I THEN GOSUB OpenVile
980
990 IF Datadump-0 THEN GOTO Begin
i000 IF Computer-I THEN wAIT .3
1010 ! wait or the slow IBM.
1020 BEEP T000tRND,1500,.05
1030 OUTPUT Pr;"A(";Idata;")-";
1040 OUTPUT Pr;Aa( I data)
1050 GOSUB Send _number
1060 IF Aa(I _data)--200 THEN
1070 Idata-1
1080 Datadump-0
1090 END IF
1100 Idata- datal
1110 GOTO Begin
1120

130
1140 t ERROR HANDLING SUBROUTINE
S1150!
1160 Errors: OFF ERROR
I1 ,0 CIo, e ;tie--200
I"3 1 : END IF FILE ERROR.
1 1 ,') IF FRRN-59 THENl
20y A()--200
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!210 GOTO 2000 1 RETURN AFTER ERROR.
1220 END IF
1210

1240 IF ERRN<59 THEN OUTPUT Pr:"<error v":ERRN:" generated.>"
1250 IF ERRN-54 THEN OUTPUT Pr;"(FILE <";Hp_fLle$;"> ALREADY THERE'"
1260 IF ERRN-54 THEN GOTO Created
1270 IF ERRN-56 THEN OUTPUT Pr;"<FILE (";Hp_fileS;" IS NOT ON DISK.>"
1280 ASSIGN iFLle TO -
1290 GOTO Linemode
1300
1310
1320 O OUTPUT TO CRT.
1330
1340 Pr-crt: Pr-1
1350 GOTO Linemode
1360 !
1370
1380 ! OUTPUT TO PRINTER.
1390 !
1400 Pr prt: Pr-Printerchoice
1410 GOTO Linemode
1420
1430
1440 ! CHANGE THE TERMINAL CHARACTERISTICS.
1450
1460 Terminal:
1470 OUTPUT Pr;" 1. Baud Rate -";Baud
1480 OUTPUT Pr;" 2. Bits/Char -":Bits
1490 OUTPUT Pr:" 3. Duplex -;Duplex
1500 OUTPUT Pr;" [1-ful,0-half]"
1510 OUTPUT PrI" 4. Computer -" ;Computer
1520 OUTPUT Pr;" (IBM-1. VAX/UNIX-2.
1530 OUTPUT Pr;" TRS-80-3. Cyber-4, vax/vms=5]"
1540 OUTPUT Pr; ".
1550 INPUT "Change which one?",Which
1560 IF Which-1 THEN INPUT "To7".Baud
1570 IF Which-2 THEN INPUT "To)",Bits
1580 IF Which-3 THEN INPUT "To?".Duplex
1590 IF Which-4 THEN INPUT "To?".Computer
1600 IF Computer1 THEN Duplex-O
1610 IF Computer3 THEN Duplex-O
1620 IF Computer-3 THEN BLts-8
1630 IF Computer-5 THEN Dupiex-l
1640 GOTO Line-mode
1650
1660
1670
1680 Openfile:
1690 1 Open a file to read data from
1700 disk.
1710
1720 Datadump-1
1730
1741) INPUT "Is this LDV data? (1YES}".LdvS
1750 IF LdvS""1 THEN
1760 INPUT "Experiment o?".ExperLmentS
;770 ELSE
1780 OUTPIIT Pr:"Data file out of HP to host."
71) IPIPUT Lle nalne? ",l o , Iei
8U0 EJD IF
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1920 IF Ldv$-"1" THEN
1830 Hp_-ile$-Expertment$6"_RESULT"
1840 END TF

i 1850

1860 Read the file off of disk.
1870
1880 ASSIGN iFLIe TO Hp-file$
1890 1-1
1900 Check-0
1910 BEEP
1920 BEEP
1930 OUTPUT Pr:"(WorkLng on File <";Hpfile$;">.}"
1940
1950-
1960 ENTER 'OFile:Aa(I)
1970 Check-Aa(I)
1980 [-[1
1990-
2000
2010 ASSIGN QFile TO
2020 Dat ddump-1
2030 RETURN
2040
2050
2060
2070 Sendnumber:
2080 SEND A NUMBER ONE CHARACTER AT
2090 A TIME TO THE HOST COMPUTER.
2100
2!If0 Numb$-VAL$(Aa(Idata))
2120 Length-LEN(Nwnb$)
2130
2140 IF ((Ldv$-"1") AND (1-data>13)) THEN
2150 Posit-POS(Numb$.".")
2!60 IF (Posit<>U) THEN Length-Posit+2
2170 END IF
2180
2190 FOR 1-1 TO Length
2200 Nuweric-NUM(Numb$III1)
2210 OUTPUT Sc USING "#,A":Nub$[I,I]
2220 NEXT I
2230 1
2240 OUTPUT Sc USING "v,A":CHR$(13)
250 RETURN
2260
2270
2280
2290 END

0
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APPENDIX C

MAINFRAME PROGRAMS

1. TCAL

C

C TCAL

C OUIJPn.F: Tt~is Pot;Gw*m PLACE-s rHFRMOCCUFLE CAL!BPAtiOn4 uarA
c Qt-CttvF(l FgOM- TE HP-'492f 4IwO~mu~t INTO A
c MCOfl A(UU4AeLE FO~mar Fow uSE 1,N rHE ppO)GRAm TFIT.

*01'*NSIGN TPQU~t(Z0OI.rAMe(2001.NZI20

10 QtAuld J.-l rafli I
1Ff I&mflI If.F0.-20U.o1 GO TO 20
QLUI or.: I TOwiltiF (I I
W4EAUIUF.-'I TNLJZZIII

20 C-N I INUL

00 J0 i ! I) I l
A IT . 4If T A-IlfIlrPQUtAEIII.trNnZItI

31 CUL. N it' '

- Q F I"J -Al I 1 A .1 .Olt I *J 0 I

F NI)
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TFI

C
C I F L
C
C PuWPOSE: rHtS PAflGD*. PEFnQM~S A FIRST ugoEW CUR~VE Fir tiv rb-IF

C LFA~r souAw.fs mEtHuo Foo r.c CLLUMNS -IF JATA. TI-F
C F IWSr LflLljmfN LL1%9% VALUES (IF X &NO THF SECAN) L ISTs
C VALkUES -IV I-Cl )1w Y. -(IA THEPm4CCUPLE CALjr4PATijtN.
C LE I X rH, A-llii:NI rF-PEQAfLi. AN) LETr Y Ft TH-
C r~t PQ(JE-E OR NUZL rF4ptQArt.PE AS OES[PtD.
C

DIMENSION (l I.0i .yE LSol.xSo( isol.xyItol.YEST( 1501
SU-A=0 *

SUMASU=U.U

suMX= 0 .0
S *N).= 0

SU.UF N= 0 0

U1 0 f I * NI TE MS
14F AOl I * lX Ci I Vii

x .( Ii XI I I~Y I c

:30M mx SUMX - x

stUmx V S J',Xs X C I I

t0 CON r INtit

&I t"Y.,Uwx S.>- SU X *S V~jj Y I IX I TEm SC'SUP WSO- SUdAKt4

flU .) I~I N1 TF-i.
-31 CI I =lxdlXI 1iXA

N(SYUN. Ti I-t 11YA.)IC

Z11 CUIJ fI.-Nut

.. t r . A .1i 4,,

F NOI
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3. JETCURV

c
C JETCUWV
c
C
C 'Pu'aPfsF: THIS POOGRAIA FITi JET TRAJFCTCRv DATA To VHF EOAdrtoN
c Z =Al:y /I1 0 *fI E4Y TAt: LE ASI Sf)UAWtI±S ME IHOD AND) COi'U rF : A
C CUtJ.1L A r I N CGt:F F LC IF% Ot4"2 I. 3 ItT A Pf3I N T A aL W.FAO
C IN FOQLE FUPWAr FPO" uNIt -I?' :I SK.
C
C

OI'*ENSION YI9OI.ZC501l.YYI5OI.ZZISOI*v5Q (50I.YZf501 .LFsrt,5o

SUMY% U * U

* SUMY?=0 *

SUMNU40 .0
SUMUNU =.0

O-A U1 .l I N lI T FL F AC rC

0o 10' I:INlVE"WE AD I7 I y I I I . LII I

Lu i j I.U/fII I /FACTORI

zUMY=SuMVYII
LImvY,0QU VSu.S(I
sJmZ~sUrYI.VI I
sJMlzSUMz.Lzz I I

10 CUN I I ,L
XITC'4S~fLUArINi rF7SI

AH Ixf1
LA I~J/ O/AA S

zttr I ri jO i /,/I II A r A t

S(JMfLNSUMlN.(?LII-eAWI-t2
2') CUN II NI

P S1 SUM4NUMI SUMOEN

4Nf Itj-A II. -Z I A..NC AL11 (E T .F 2
41) P00 A I I I X A= F 1:1 .* .2 * A. v .1- d . 2 x w f;* * .F I * dl

FNO)
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4. GRAB

C

C GRAB
c

Irc PUPP)S1g D~ATA rRANSFER FROM THE HP-4t~t4(CPOCCMPUrOQ

C H~Y HILL CULB~tZTH
c FCR -t2q10. FALL CUAQTER. 19k32
C
c F ItELF ')5 TEW.MIN.&L
C FILtOEF 16 TFRMaNAL
c C I 1LEI~t-s 0)7 OIa M'YDATA (JATA (PEi4MI
c
c GLObAL TETLIH FOPTMOO2 A'OC2EE0-
C
c T YPE IN (HE ARCVEk 4 LINES TO MAKE THIlS
C FORTRAN PWO1GBAV RUN.
c
C

F) I EMS ION oATA(300OOI

iO F Q -4A IIZ X . IOEC.I N LIP ur ING r)A r FQ Of- TI-~ F P-9 8 2 6*
C
C
10 CON rI NUE

,JAUI 1 .- DATAI II
I zI *lI
IFIOArAII-L,.NE.-2001 GOTC 10

C

F; d, r I2x~. r) A IA go IN Is NEQE Em rF EFc.l

c N(~A fr-A ALL L)ATI HAI, IE tNTEI4FO. wRIT9 IT UUt 014
SA ~ '.

2*kfj.0 AAI
S ~ ~ ~ ~ ~ ~ Gr Fzo~i2~ Or( t.

c ALL LdATA HAS; iltEN .11ITIFN U)Nrn DISK.
c
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TDATA

C
C
c rOA IA
c
c r"(IS TS P'QCGHAM PL ACE S rHE -UO'fANT JE T OA TA PFCFI VEO)

C FidOM r'.t 1-pjf (MICPLUCCW-UrFW INTO A IJOE I)POFRLY
CF(JWMA(. It AL';L (OIQ.VTS UNITS Ol LENGTH FROM 151

) I WE W. IUN 11200 1. V12 (31%. Z 2 0(31. TPQ2fE 12 00) T AM95 12001 T140Z Z 12001
IS! )V12001).AM0i12001.y.M(2001.ft42001

I I I

t 
2 
(I 4 WE 7L j .t I x I I I
I F- I ,;~ I I f i 7 0.01 G U 2

4t. Aul U
7
.- ) VI I)

QAluIJ?.4;j Z1s11~

Wt -Aul J 7 j P; r vA.. F I I

Qt AD 1 0 r .I I Nt'Zv I 1
Wt:At TI j5 I TO.

.I r I - .O
SC)j I I U N TM

JO rUN vI Nli

I A -Is~ I c t-1 .I A . - NC11L, ICI . i x . *rn ot v I C I
C3O - A iI I I j , j X F , 2 16 1 , j , . 7 . 4 .A ., F 04. I 1. AE X I
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6. CONTOUR4

C
c LONTUHA

C

C- PtJWPUSt : rHIS O0CCPA- IS CESIGNED rC CISPLAY BUOYANr jFT
C TE4PEW ATUOL djA TA 11P .4 CON IO ()t LOTIT ING"& PACKAGCE
C AV A IULeL t Il OI SSPLA. TI-F F-JLLOWING 4AW OATA I s
C IWhA, F. CM A DISK FILL:' PNCF PGSITICNS IN XYZ
C CIO-4G1NA(iES kELAIIVE TO t-E NOZZLE TjP. A~tiIL'eT
C TFMPf>JATuPEw. QIJWF TE-4PF.ATU.F AND NO/ZLt rF-PF'2tuQE.
C THL PQOPL ANL, NOZL L TEMPO 6 A 10SFS APE fPANSF'JWMFJ)
C IVy CAL ISMATIUN COElFFCIENTt ANO NOlQdALtltO WWT AMNIENT
C fFmPL_4AruPE. THE XYI COULOINATES AWE CONVtPTEO Fr)
C x,. COGrCIN&TFS PFrLATIVF TC T~t INrFiQSECTION OF TI-t
C UATA PLANE *jTH THE CENTEOLINPE TrAJECTOPY IF TH-F JETIC (TH-E S-AXIS I' TANGFENT TO) T 4 TPAJtCT'HItY. I HjIS
rC P14IIGUAY ALSO CCMPIJTFSj li-t .;AIE OF H-FAT TnNSFEN FUM
c THt JET TO THt: AMSI4ENT.
C
C NOTE : TV4F FOLLOWING VALUFS MUST qE INSErED) AS THE
C FIksr LINE OIF CAlA IfN F4:E F-CQ-AT: Ti-I TOTAL NUMiIr
C OF DATA POINTS INITEMSI. 1F-F ACUTEF ANGLE 

9
ETW&E-N

C THE DATA PLANFz ANO HCPIZON TAL (rmETAl ANt) TH-F VF.QT[CAL
c DISTANCE 0EtaEftN Tpf- 1-AXIS- AND THE INrES4SECIILIN

CPOINT CISCUSSEC AAOVE I/A) . THE CENTEPLINE VELOCITY
C IN m/5 (yELl AND JET wIDTH jN mm lwIorHI.

DIMENjSION xI io tio ri 41101401IO0I.TAji IUT.TN( IODI.TMATI 10.101
COMMON .OiKKI bOOOI

C
C t 4.WEAn DATA FROaM UNIT "?" DISK *

C
C

PEAOIT.4:I NTTEMS.TI-ErA.ZA.VEL.WICTN
C

DO 20 t:I.NITEMS
WF ADI 7.t I A* KI II *A * I I *T P[il TA I I*TN II I*A

yII) z I(I -jAI/STNI THETAi

C CAL [MOAT ION COEFFICIENT'S

IN1I) :. 33322 34 2tUTN II.I.d4?540keb
C

rm; ITPIII-TAII,/ITN(I -TAll))
'G CUNI IAUUt

C
C 10 F-d1.ATIXIA .:.9.Fb5

C
CO 0;4 UI1 9:NS ION OF T MAT I
C
C

ixoIM -- 10
I YI to

C
*c

C, - N rIN THo- MA X IMUM ANDr 1MINI1MUM tEMIuJfA TIJpFFS.

T
MIN a 100.d

rMAX z (J.J

iOt N'1 I Ou. IT0

IF I T 1 1 .(-(. I~TilAX I Tux z IltI
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flFII(I I.L I N I

II

C
C4 f T LF rF.m INJ t T"k A A I MUM VALUES (iF xA NU V w I r"HIN A
C tAAOI Nt Ac I N o ,~ ;~WS Aq w1 4xS ISCN'Ef

C 14 A 'hAJAQL 'af I LA
C

(', -1 1 -Ax -V-1 N I,0LL ( 4r IIAiLI,"IU00

CUA V I L ytIIYOII,2.OI4L

C c: v- I INr THr iNC.FMFNrAL -AWFA FOR~ HFAr rp&N4SFEH CALCUt.Ar LNS t

C
C4 rC - ETC3P % EIrxtNCOME9.25C ONOR -or

C

C

C4: 4: G ENEATE THE GRIC Z;44
C
C

CALL COMORS
C CMtL rFKf) I

CALL PA(Ud-I d..'i1
CALL 1JLLU I. sI
CALL P"YhU I%6 .0
CALL AWFA2OIS.:.S.9I

CALL HFIGHT(O.IUlI

CALL JNTA~IAII.L

CA~LL YNA-Et'W (M-')S1.lCI
C ALL A TI CK1 2 1
C ALL VTfI L- 12 1
CALL Y AX APN(.40 0 1O

C
ri
C4 ~CALL AS

CALL P, liTMPRTU CINrCuRS, IN A L-UIJYANT jET%*.100.2..&I
CALL F AIoNII2'T AL, r~SV J - -lIE S 0
C ALL rLr)J * 'AXEA AF I I ' CO I * I
CALL Hr D1Ni- ' N

C
C,. 4 (AE NF..ArE rfpF INfEP..rLA fFU rF-oqaUrLQ. AATIAIX "r-Afl
C

CALL JCL)M(JN(r t ,0(Onj
CALL /PA~if r 141

C 3ALL P(UN irI IA I.10i9
L f tL GIT r I *u m 0 1

CALL.. A* "I TA.I
C
C O ~LVL THt RA T OlF -'FAr TRNNSFi-o
C

L; I x DI m

- I IE- 1AI -

A I L~ -
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0 ~ CO IU 0 N

I~ IU TLI o ). of) I osum

C
C 4: 4 PLOT rtHE CONrOLPS A:z:

CALL CONMAS~tTm4AT. Ixcl.lvcIM.TlNCpl
CALL CONLIN .0LILS. L AFIEL 5 1.L1O0
CALL (.11N AN(, J Q U.
CALL , !P ,
CA~LL aN r o,i.tA eF L *.QAwI

CALL I~F I (,r (. o'- I
C ALL 9~L ( P i C S k 0-99. -'I
CAIL Of) I
C At L .L& 101
CAL L. t"J0PL 0 1
CALL J(1NW-PL
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APPENDIX D

TABULATED DATA

TABLE 1

ROTOMETER CALIBRATION

% Flow ml/s Std Dev ( 1,s)

10 5.94 0 .32

15 8.02 0. 56

20 10. 05 0.41

25 11.85 0. 24

30 14. 03 0. 33

35 15.98 0. 58

40 17.41 0.31

45 19. 09 0.34

50 20.75 0 .23

55 22.38 0.28

60 24.27 0. 22

65 26.03 0. 20

70 27.64 0.37

75 29.53 0.24
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TABLE 2

TEST RESULTS

Crossflow velocity: .13 m/s

Nozzle flow rate: 11.85 ml/s (25%)

Nozzle inside diameter: 7.144 mm

Nozzle discharge velocity (mean): 29.558 mm/s

Nozzle temperature (mean): 41.8 °C

Ambient temperature (mean): 24.9 °C

Froude number: 14.8

Michaelis-Menter equation:

Coefficient A: 2.64284325

Coefficient B: 1.03698254

Plane Y (mm) (degrees) Q (W)

A 7.327 46 1.20

B 21. 370 58 6.392

C 39.688 70 15.349

D 62.889 80 18.18S

E 87.313 86 27.62d

0
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